Purpose The aim of this study was to create a predictive model for high-quality blastocyst progression based on the traditional morphology parameters of embryos. Methods A total of 1564 embryos from 234 women underwent conventional in vitro fertilization and were involved in the present study. High-quality blastocysts were defined as having a grade of at least 3BB, and all embryos were divided based on the development of high-quality blastocysts (group HQ) or the failure to develop high-quality blastocysts (group NHQ). A retrospective analysis of day-3 embryo parameters, focused on blastomere number, fragmentation, the presence of a vacuole, symmetry, and the presence of multinucleated blastomeres was conducted. Results All parameters were related to high-quality blastocysts (p < 0001) in t tests, chi-square tests, or Fisher tests. The individual scores for all parameters were determined according to their distributions and corresponding rates of forming high-quality blastocysts. Parameters are indicated by s_bn (blastomere number), s_f (fragmentation), s_pv (presence of a vacuole), s_s (symmetry), and s_MNB (multinucleated blastomeres). Subsequently, univariate and multivariate logistic regression analyses were conducted to explore their relationship. In the multivariate logistic regression analysis, a predictive model was constructed, and a parameter Hc was created based on the s_bn, s_f, and s_s parameters and their corresponding odds ratios. The value of Hc in group HQ was significantly higher than that in group NHQ. A receiver operating characteristic curve was used to test the effectiveness of the model. An area under the curve of 0.790, with a 95% confidence interval of 0.766-0.813, was calculated. A dataset was used to validate the predictive utility of the model. Moreover, another dataset was used to ensure that the model can be applied to predict the implantation of day-3 embryos. Conclusions A predictive model for high-quality blastocysts was created based on blastomere number, fragmentation, and symmetry. This model provides novel information on the selection of potential embryos.
Introduction
The morphological assessment of embryos has been used as a tool at the beginning of in vitro fertilization (IVF); its effectiveness has increased with the improvement of this technology [1, 2] . It has been reported that the evaluation of embryos is associated with embryo morphological parameters such as blastomere number, fragmentation, symmetry, the presence of a vacuole, and the presence of multinucleated blastomeres (MNBs) [3] . In recent decades, experts have gradually reached a consensus on the morphological assessment of embryos, demonstrating that embryo quality may be graded as good, fair, or poor based on blastomere number, fragmentation, and symmetry [3, 4] .
Although embryo evaluation criteria can help us select embryos [4] , scholars have further claimed that the implantation rate and pregnancy rate for blastocysts are higher than those for embryos, indicating that blastocyst transfer is more advantageous than day-3 embryo transfer, particularly for high-quality blastocysts [5, 6] . It has also been reported that a good day-3 embryo is apt to form a high-quality blastocyst [7, 8] . However, not all good day-3 embryos can form high-quality blastocysts, partly because of the negative effect of being exposed to in vitro conditions for a long time [9] . Prolonged culture confers no advantage if the number of embryos available is low or embryo quality is poor [9, 10] . In that case, it is worthwhile to create a predictive model for high-quality blastocyst progression to select the best day-3 embryo.
In the present study, we aim to create a predictive model for high-quality blastocyst progression based on the morphological parameters of day-3 embryos; this model will provide us with novel information for the selection of the best day-3 embryos and a reduction in prolonged culture.
Materials and methods
The present study was conducted in the Reproductive Medicine department of the Affiliated Hospital of Dali University from January 2013 to December 2016. A total of 1564 embryos retrieved from 234 women were included. All analyzed patients underwent conventional IVF treatment; patients who underwent intracytoplasmic sperm injection (ICSI) and patients with male factor infertility were excluded. This study was approved by the Institutional Review Board of Dali University.
Gonadotropin-releasing hormone agonist (GnRH-a; buserelin acetate, Suprefact; Hoechst, Frankfurt, Germany) and recombinant follicle-stimulating hormone (rFSH; Gonalf, Modugno, Italy) were used for the long protocol of ovarian stimulation [11] . When at least three follicles reached a 17-mm diameter or at least two follicles reached an 18-mm diameter, recombinant hCG (250 mg; Ovidrel; Serono) was administered to trigger ovulation, and oocytes were retrieved 36 h after hCG injection [12] .
Insemination was performed 4 h after oocyte collection; 16 h later, fertilization was checked, and zygotes with two pronuclei (2PN) were considered normally fertilized eggs. Subsequently, fertilized oocytes were cultured in early cleavage medium (Irvine Scientific, CA, USA) for 3 days. On the mornings of day 2 and day 3, multilevel images of embryos were recorded using laser software (ZILOS-tk Laser; Hamilton Thorne Research, USA). Subsequently, blastomere number, embryos with/without MNBs, and embryos with/without the presence of a vacuole were observed and recorded, and the extent of fragmentation and symmetry was calculated based on previous findings [13] . A perfectly symmetrical embryo was defined as having less than 25% difference among blastomeres [14] . On the morning of day 3, one or two embryos were frozen, and the remaining embryos were transferred to a continuous single culture medium (Irvine Scientific, CA, USA). The growth stage, inner cell mass (ICM), and trophectoderm (TE) of blastocysts were assessed according to the findings of Gardner and Schoolcraft [15] . ICM and TE were evaluated only when the growth stage was at least full blastocyst (3/4/5 stage). A highquality blastocyst was defined as having a grade of at least 3BB, including 3/4/5AA, AB, BA, or BB [16, 17] . All lab operations for gametes, zygotes, and embryos were conducted by two embryologists with considerable intra-and inter-observer variability in quality control proficiencies. The evaluation results were recorded when their results were the same, or the embryologists would discuss and determine the final results. A single, best, and fresh blastocyst was transferred into the patient's uterine cavity on day 5 or 6, and the remaining blastocysts were singly cryopreserved, or all blastocysts of some patients were singly cryopreserved. The best blastocysts selected according to the data of patient blastocysts were singly thawed and transferred according to patient needs. The luteal phase was supported by the administration of crinone gel and utrogestan for at least 14 days [18] . The β-hCG level was tested on the 13th day following embryo transfer. Clinical pregnancy was determined by the presence of a gestational sac with a fetal heartbeat rate after 6 weeks of gestation, and the implantation rate was defined as the ratio of gestational sacs to transferred embryos. Monozygotic twins were defined as having one gestation sac [18] .
Based on the parameter distributions and the formation rate of high-quality blastocysts, an Bindividual score^was assigned to each case, comprising blastomere number, fragmentation, symmetry, the presence of a vacuole, and the presence of MNBs, which are indicated by s_bn, s_f, s_s, s_pv, and s_MNBs, respectively. Details for individual scores are presented in Table 1 .
Statistical Package for Social Sciences 17.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Quantitative variables are expressed as the mean and standard deviation (M ± SD) and were analyzed using t tests. Categorical data are expressed as the number or percentage and were tested by chi-square tests (χ 2 test) or Fisher tests. Subsequently, univariate logistic regression analysis was performed to explore the relationship between morphology parameters and high-quality blastocysts. Multivariate logistic regression analysis was conducted to construct a predictive model based on odds ratios (ORs), and a receiver operating characteristic (ROC) curve was used to test the effectiveness of the model. Moreover, one dataset was analyzed to validate the predictive utility of the model, and the other dataset was used to determine whether the model can be applied to predict the implantation of day-3 embryos. All datasets were from the same center. The level of significance was set at p < 0.05.
Results
Of 1564 embryos, 521 developed into high-quality blastocysts (group HQ), whereas 1043 embryos formed poor-quality blastocysts or arrested before the blastocyst stage (group NHQ). The representative results for high-quality expanded blastocysts are presented in Fig. 1 . The mean age of the women was 29.69 ± 3.83 years (21-43 years), the mean infertility duration was 4.2 ± 2.83 years (1-12 years), the mean dose of gonadotrophins was 1969.50 ± 663.12 IU, the mean use day was 10.40 ± 1.62 days, and a mean number of 13.57 ± 4.77 oocyte pieces were retrieved. ICM indicates the inner cell mass, and TE indicates the trophectoderm Fig. 2 Differences in day-3 blastomere number and fragmentation between two groups. Double asterisk indicates a significant difference (p < 0.001) between groups NHQ and HQ. Group NHQ was the group that failed to form high-quality blastocysts. Group HQ was the group that formed high-quality blastocysts
The implantation rates and clinical pregnancy rates for fresh and frozen-thawed blastocysts (first or second embryo transfer cycle only) were analyzed in both groups. In group HQ, 125 fresh blastocysts were transferred, and 73 gestational sacs were observed; 51 frozen-thawed blastocysts were transferred, and 33 gestational sacs (two of these were one set of monozygotic twins) were identified. Additionally, 45 fresh blastocysts and 40 frozen-thawed blastocysts from group NHQ were transferred, with the implantations of 11 and 13 blastocysts (no monozygotic twins), respectively. The implantation rates and clinical pregnancy rates of fresh blastocysts (58.4 vs. 24.4%, p < 0.001) and frozen-thawed blastocysts (62.7 vs. 32.5%, p = 0.004) in group HQ were significantly higher than those in group NHQ.
The embryonic parameter data were analyzed between group NHQ and group HQ. Consequently, significant differences were observed in blastomere number, fragmentation, symmetry, the presence of vacuoles, and the presence of MNBs (Figs. 2 and 3 ). Blastomere number (7.7 ± 2.6 vs. 6.3 ± 2.9, p < 0.001) and the frequency of embryos with perfect symmetry (91.0 vs. 75.9%, p < 0.001) in group HQ were significantly higher than those in group NHQ, whereas the extent of fragmentation (4.1 ± 8.2 vs. 10.8 ± 13.5%, p < 0.001) and the frequency of embryos with vacuole (1.0 vs. 3.5%, p < 0.001) and embryos with MNBs (0.0 vs. 2.1%, p < 0.001) were significantly decreased in group HQ compared with those in group NHQ.
On the basis of the s_bn, s_f, s_s, s_pv, and s_MNBs parameters, univariate logistic regression analysis was conducted to evaluate the effects of all the above parameters on the formation of high-quality blastocysts. The results indicated that the s_bn (beta coefficient [B] = 0.553, standard error Fig. 3 Differences in the presence of a vacuole and the presence of multinucleated blastomeres (MNBs) and symmetry between the two groups. Double asterisk indicates a significant difference (p < 0.001) between the two groups. a the difference in the presence of a vacuole between the two groups, b the difference in the presence of multinucleated blastomeres between the two groups, c the difference in symmetry between the two groups. Group NHQ was the group that failed to form high-quality blastocysts. Group HQ was the group that formed high-quality blastocysts B, beta coefficient; SE, standard error; s_bn, the individual day-3 blastomere number score; s_f, the individual fragmentation degree score; s_pv, the individual presence of vacuole score; s_MNBs, the individual presence of multinucleated blastomere score; s_s, the individual symmetry score (Table 2) . Importantly, the OR values for s_bn, s_f, and s_s were much higher than those for s_pv and s_MNBs. Based on the univariate logistic regression analysis results, the s_bn, s_f, and s_s parameters were considered in the multivariate logistic regression analysis. Consequently, the B, SE, wald, OR, and p values of the s_bn, s_f, and s_s parameters were 0.464, 0.041, 130.908, 1.590, and < 0.001; 0.335, 0.041, 68.009, 1.399, and < 0.001; and 1.223, 0.180, 46.338, 3.397, and < 0.001, respectively (Table 3 ). According to these parameters (s_bn, s_f, and s_s) and the corresponding OR values, parameter Hc was created and calculated using Eq. 1.
Every embryo was assigned an Hc value according to Eq. 1. As presented in Fig. 4 , the Hc value for embryos in group HQ was significantly higher than that in group NHQ (15.5 ± 3.4 vs. 11.0 ± 4.6, p < 0.001). Subsequently, an ROC curve was calculated to test the quality of the model as a prediction tool. The results for the ROC curve are presented in Fig. 5 , with an area under the curve (AUC) of 0.790, a 95% confidence interval (CI) of 0.766-0.813, and a cut-off of 13.051; a sensitivity of 81.8% and a specificity of 64.5% were noted.
One dataset was used to validate the created model. As a result of the prolonged culture of 363 embryos, 108 highquality blastocysts were obtained. The Hc value for the group of embryos developing into high-quality blastocysts was significantly higher than that for the group of embryos failing to form high-quality blastocysts (15.6 ± 3.1 vs. 11.3 ± 4.5, p < 0.001). We obtained similar outcomes for the ROC analysis: AUC = 0.792, 95% CI from 0.743 to 0.841, and Hc cutoff of 13.464 with a sensitivity of 80.6% and a specificity of 65.1%. Moreover, 363 embryos were divided into four groups based on the range of Hc values, and a significant difference was observed in the formation rates of high-quality blastocysts among the studied groups (0.0 vs. 7.8 vs. 20.7 vs. 51.3%, p < 0.001). In addition, the high-quality blastocyst formation rate increased as Hc increased, as presented in Table 4 . B, beta coefficient; SE, standard error; s_bn, the individual day-3 blastomere number score; s_f, the individual fragmentation degree score; s_s, the individual symmetry score Fig. 4 Differences in the Hc score (p < 0.001) between the two groups. The Hc value in group HQ was significantly higher than that in group NHQ (15.5 ± 3.4 vs. 11.0 ± 4.6, p < 0001). Group NHQ was the group that failed to form high-quality blastocysts. Group HQ was the group that formed high-quality blastocysts Fig. 5 The ROC curve for the prediction of high-quality blastocysts by the Hc parameter. The area under the curve was 0.790, the standard error was 0.012, the asymptotic significance was < 0.001, the 95% confidence interval was from 0.766 to 0.813, and the cut-off for Hc was calculated as 13.051, with a sensitivity of 81.8% and a specificity of 64.5%
The other dataset was used to determine whether the model can be applied to predict the implantation of day-3 embryos. In 199 single, fresh day-3 embryo transfer cycles (the first or second embryo transfer cycle only), 62 embryos were implanted, and the implantation rate was 31.2%. The Hc value for the group of implanted embryos was significantly higher than that for the other group (16.5 ± 2.5 vs. 14.1 ± 4.5, p < 0.001). The ROC results indicated an AUC of 0.657 and a 95% CI of 0.581-0.734.
Discussion
Embryo evaluation and selection of the best embryos for transfer are critical issues in assisted reproductive techniques. Over the past three decades, there have been various evaluation systems for day-3 embryos, including morphological assessment, metabolomic evaluation, and dynamic assessment of embryos with time-lapse imaging systems [1, 4, 19] . Among them, morphological assessment has been the primary and most commonly used approach [3, 4] . However, although it is much improved, morphological assessment has its own drawbacks and limitations. For example, the efficiency of morphological assessment is low for IVF treatment, and morphological assessment is easily influenced by embryologist subjectivity [3] . For these reasons, there is certainly a need for improvements in the cost-effectiveness of the method.
Generally, day-3 embryos or day-5 blastocysts are transferred in the clinic. Blastocysts are known to have higher implantation and pregnancy rates than day-3 embryos [6, 10, 20, 21] ; this finding is associated with less aneuploidy [22] . Higher implantation and pregnancy rates allow the transfer of a single blastocyst to reduce the risk of multiple gestations [5, 21] . Meanwhile, the top day-3 embryos also have an optimistic pregnancy rate [8] . It has been reported that day-3 embryo transfers with more than two eight-cell-stage embryos and less than 20% fragmentation appear to have a similar implantation rate as the blastocyst transfers [23] , and blastocysts do not improve the cumulative pregnancy rate [24] [25] [26] [27] . However, the prolonged culture can eliminate a number of day-3 embryos and even create for some patients only a few poorquality blastocysts or no blastocyst for transfer. Prolonged culture increases the financial burden of patients, the workload of laboratories, and the mental pressure of embryologists. Therefore, it appears to be more convenient and advantageous to select the best day-3 embryos for patient pregnancy.
Blastocysts are classified into three groups: top quality (3AA, 4AA, 5AA), good quality (3/4/5 AB, BA, BB), and poor quality (3/4/5AC, CA, BC, CB, CC) [17] . Phan et al. concluded that 32% of top-quality blastocysts were aneuploid, 41% of good-quality blastocysts were aneuploid, and 80% of poor-quality blastocysts were aneuploid [28] . Gardner et al. demonstrated that the pregnancy rate for a single top-quality blastocyst was 69.6% and that the rate for two low-quality transferred blastocysts was only 43.8%, demonstrating that the pregnancy rate is related to the quality of the blastocyst [29] . In the present study, a high-quality blastocyst is defined as having a grade of at least 3BB, including top-and good-quality blastocysts. Of 261 single blastocyst transfer cycles, the clinical pregnancy rates for fresh and frozen-thawed high-quality blastocysts were 58.4 and 62.7%, respectively; the clinical pregnancy rates of fresh and frozen-thawed poor-quality blastocysts were only 24.4 and 32.5%. This observation is consistent with the findings of Gardner [29] , demonstrating that the utility of the grouping and experiment was well considered and that it is meaningful for us to discuss the relations between parameters and high-quality blastocysts.
Machtinger et al. demonstrated that embryo assessment was based on blastomere number, fragmentation, and symmetry in the morphological assessment [3] , and this finding was confirmed by the outcomes of univariate logistic regression in the present study. Interestingly, we constructed a model for predicting high-quality blastocysts, which indicated that day-3 embryos with higher Hc values more easily formed highquality blastocysts. The Hc parameter appears to be a good predictor since blastomere number, fragmentation, and symmetry are more important parameters for day-3 embryos. The Hc parameter is determined by the scores and OR values of the three parameters indicated above, and the predictive power of the model was confirmed by the results of an ROC analysis (Fig. 5) . Moreover, we further analyzed a dataset to validate [3] . For the initial criterion, cleavage stage embryos were classified into three categories, good, fair, and poor, according to the timing of observations, blastomere number, fragmentation, symmetry, and multinucleation [30] . The criterion from the SART group revealed that the quality of cleavage embryos was also assessed as good, fair, or poor, based simply on blastomere number, fragmentation, and symmetry [31] . However, it appears that those criteria were recapitulative rather than accurate. In the present study, we constructed a model and a parameter of Hc in multivariate logistic regression analysis based on blastomere number, fragmentation, and symmetry. The constructed model was similar to the standardized criterion adopted by the SART group but was not confined to that criterion. It is more accurate and easier to calculate the Hc value of day-3 embryos, and we can identify the best day-3 embryos from various embryos based on Hc values.
However, it is important to note that the present study has some limitations. First, all datasets were from the same center, and a multicenter study was also necessary to validate the corresponding model. Second, the zygote score could help us to select an embryo, and a combined evaluation of both the zygote and cleavage stage embryo is highly predictive [32] . However, the present study did not analyze the effects of the zygote on high-quality blastocysts, and we plan to construct a similar model combining the evaluations from zygotes and embryos in a follow-up study. Third and finally, live birth is the most significant endpoint, but unfortunately, we did not use this better approach.
Conclusions
Morphological assessment of embryo appearance is a classic and widely used approach to embryo evaluation; however, this approach requires gradual improvement. In the present study, we confirmed the association of high-quality blastocysts with blastomere number, fragmentation, symmetry, the presence of vacuoles, and the presence of MNBs. More importantly, we identified a novel model that exhibits a strong predictive power for high-quality blastocysts. The predictive model can be applied to clinical practice to select potential embryos for transfer and to shorten embryo incubation.
Funding statement This work was financially supported by a grant from the Science Foundation of Yunnan Educational Committee in China (grant number: 2016ZDX103).
Compliance with ethical standards
This study was approved by the Institutional Review Board of Dali University.
